We used a novel computerized decision-making task to
The ascending mesostriatal and mesocortical dopamine (DA) systems are widely believed to provide an important modulatory influence on the cognitive functions supported by the prefrontal cortex (PFC) and its associated striatal structures. Thus, a wealth of evidence involving patient populations such as those with Parkinson's disease (Bowen et al. 1975; Downes et al. 1989) and schizophrenia (Park and Holzman 1992) , as well as non-human primates (Brozoski et al. 1979; Sawaguchi and Goldman-Rakic 1991) , indicates that altered dopaminergic function is associated with some of the cognitive impairments typically seen after damage to PFC (e.g., Milner 1964; Owen et al. 1991; Freedman and OscarBerman 1996) . Further evidence that these cognitive changes are the consequence of specifically altered dopaminergic modulation of the PFC and striatum, and possibly of the "functional loops" operating between the two (Alexander et al. 1986) , is seen in experimental demonstrations that at least some of these impairments can be ameliorated by pharmacological agents acting on the mesostriatal and mesocortical DA pathways (Daniel et al. 1991; Lange et al. 1992 ; see Arnsten 1997 for review) .
The existence of such neuropsychological changes raises the possibility that subjects with a history of chronic abuse of stimulant drugs, such as amphetamine and cocaine, will themselves display the kinds of cognitive deficits previously demonstrated in patients with PFC or striatal damage. Consistent with this possibility, there is now considerable evidence that chronic administration of amphetamine can induce enduring reductions in monoamine levels in the striatum and PFC of non-human primates and rats, and that, under at least some schedules of administration, neurotoxic effects (i.e., permanent axonal or nerve terminal damage) can occur (Seiden et al. 1975; Hotchkiss and Gibb 1980; Ricaurte et al. 1980 Ricaurte et al. , 1984 Wagner et al. 1980 ; see Seiden and Ricaurte 1987 for review; Ryan et al. 1990; Melega et al. 1996; Gibb et al. 1994; Villemagne et al. 1998) . Moreover, recent work has now extended this evidence by demonstrating reduced levels of both DA in the striatum and 5-hydroxytryptamine (5-HT) in the orbitofrontal cortex of human methamphetamine abusers (Wilson et al. 1996a) . Although chronic cocaine administration does not appear to have specifically neurotoxic consequences (Ryan et al. 1988; Wilson et al. 1991) , moderate reductions in striatal DA have been found in post-mortem cocaine abusers (Wilson et al. 1996b) . Moreover, studies using ligand-binding PET techniques in detoxified cocaine abusers have demonstrated reduced striatal DA (Volkow et al. 1997 ) and D 2 receptor availability, with the latter of these correlating with reduced orbitofrontal metabolism (Volkow et al. 1988 (Volkow et al. , 1991 (Volkow et al. , 1993 .
DECISION MAKING AND ORBITOFRONTAL CORTEX
Of the neuropsychological tasks impaired by changes in dopaminergic function, those that fall under the rubric of "executive function" seem especially sensitive (Robbins et al. 1994 for review). Such tasks typically involve a requirement to organize or control a variety of component cognitive processes, such as those involving the maintenance of short-term information or the modulation of cognitive set, in order to complete more composite cognitive operations relating to deferred or distant goals. In recent years, attention has begun to move away from the role of the dorsolateral areas of PFC in supporting these executive functions toward the more mysterious contributions of the orbital, ventromedial regions (e.g., Eslinger and Damasio 1985; Saver and Damasio 1991) . The scientific challenge posed by patients who have sustained damage to such areas is that they are more likely to exhibit difficulties in social cognition, and the decisions of their everyday lives, in the absence of the marked cognitive deficits more frequently shown by patients with damage to dorsal regions of PFC.
Although historically it has proved difficult to isolate well-defined cognitive deficits in orbital PFC patients, innovative experiments recently conducted by Bechara and colleagues have now demonstrated a consistent deficit in the decision-making cognition of patients with ventromedial PFC lesions, a deficit that is essentially absent in patients with dorsolateral or dorsomedial PFC damage (Bechara et al. 1994 (Bechara et al. , 1996 (Bechara et al. , 1998 see Damasio 1996 for review). These advances suggest that it may also be possible to probe more effectively the orbitofrontal dysfunction in patients with established neuropsychiatric disorders and, additionally, begin to investigate the neuroanatomical and neurochemical interactions with orbital PFC that collectively mediate decisionmaking cognition.
DECISION MAKING AND MONOAMINE NEUROTRANSMITTER SYSTEMS
Clinical experience indicates that drug abusers display many of the behavioral traits that have been previously associated with patients who have suffered damage to orbital PFC (cf., Eslinger and Damasio 1985) . Thus, abusers often show a lack of personal and social judgment, a reduced concern for the consequences of their actions, and difficulties with decision making. With this in mind, we set out to test the following hypothesis: if chronic amphetamine administration is associated with altered monoaminergic modulation of orbital PFC and its associated limbic structures including, for example, the ventral striatum and amygdala, amphetamine abusers should show the same deficits in decision-making cognition as orbital PFC patients (e.g., Bechara et al. 1994) . Before describing our decision-making paradigm, we first mention two additional comparisons. First, one important issue relates to the generality of any putative cognitive deficits found in chronic amphetamine abusers. It remains possible that abusers of other substances, such as alcohol or barbiturates, may show similar or different patterns of cognitive impairment. We addressed this issue in the present study by including an age and verbal IQ-matched sample of chronic opiate abusers as a positive control group. Chronic opiate abusers are a particularly appropriate choice for a control group because, while opiates probably exert their reinforcing effects via their action on the mesolimbic DA system (see Koob and Bloom 1988; DiChiara and Imperato 1988; Wise and Rompré 1989) , there is little evidence that they produce enduring changes in DA transmission or cellular neurotoxicity.
The second issue concerns the possible role of the ascending 5-HT projection systems in the decision-making behavior of both drug abusive and other patient groups. Several studies suggest that repeated amphetamine treatment, especially in its methylated form, produces enduring changes in 5-HT, as well DA transmission (Seiden et al. 1975; Preston et al. 1985; Fukui et al. 1989; Woolverton et al. 1989; Axt and Molliver 1991) . Indeed, it has been suggested that those limbic regions innervated by 5-HT projections are especially sensitive to the effects of repeated amphetamine administration Seiden and Ricaurte 1987) , suggesting that one mechanism for altered decision making associated with chronic amphetamine abuse in humans might be altered serotonergic modulation of the ventral PFC and its interconnected structures (Groenewegen et al. 1997) . Moreover, a wealth of clinical evidence indicates that sociopathy involving altered decision making and impulsive, aggressive behaviors is associated with reduced 5-HT metabolites in CSF (e.g., Linnoila et al. 1983; Virkkunen et al. 1994) . We explored the role of 5-HT in decision making using a tryptophan-depleting procedure in young, non-drug abusing subjects in comparison with an age and verbal IQ-matched control group.
BEHAVIORAL INDICES OF DECISION MAKING
The paradigm developed by Bechara and colleagues requires subjects to sample repeatedly from four decks of cards, and after each selection, receive a given amount of reward consisting of facsimile money. Unknown to the subjects, two of the packs produce large "payouts" but, in addition, occasional larger penalties whereby reward is handed back to the experimenter. By contrast, the two remaining packs produce small rewards but only occasional smaller penalties so that, over the course of the test, subjects will maximize their reward by drawing cards consistently from the more conservative decks. The core result is that patients with damage to the ventromedial, but not dorsolateral or dorsomedial sectors of PFC, persist in drawing cards from the high payout/high penalty decks despite the ultimately punishing consequences of this behavior (see Damasio 1996 for review).
One attractive feature of this task is that it models an important aspect of the real-life decisions which patients with ventromedial PFC lesions find so difficult. Typically, these decisions involve choices between actions associated with differing magnitudes of reward and punishment under conditions in which the underlying contingencies relating actions to relevant outcomes remain hidden. Accordingly, the contingencies of the Bechara's card-gambling task are also hidden in order to capture this basic uncertainty. However, this feature of the task means that it is difficult to assess how an individual patient's pattern of choices might alter across a range of well-defined and clearly presented contingencies representing more or less favorable opportunities to earn reward. Thus, it is important to note that the precise behavioral character of the decision-making deficits shown by patients with orbitofrontal lesions remains severely underspecified. For example, little is known about the extent to which impaired decision making in such patients is independent of other hypothetical behavioral changes associated with orbitofrontal damage such as disinhibition and disrupted "impulse control."
In this experiment, we introduce a novel decisionmaking task in which subjects make choices or decisions between contingencies that are presented in a readily comprehensible visual format, in order to assess the degree to which deficits in decision making shown by orbital PFC patients, and possibly chronic drug abusers, are sensitive to the quality of information available about the likely identity of the reinforced response. Several dependent measures are collected simultaneously including the speed of decision making (as reflected in the deliberation times associated with deciding between the available response options); the quality of decision making (as reflected in the propensity of the subject to choose the most adaptive response), and finally, the willingness of subjects to put at "risk" some of their already accumulated reward in the hope of earning yet more reinforcement. In this way, we hope to improve the characterization of decisionmaking deficits in patients with orbital PFC damage, chronic drug abusers, and normal volunteers who have undergone a low-tryptophan challenge.
To anticipate the results, we found significant parallels between the pattern of choices exhibited by chronic amphetamine abusers, chronic opiate abusers, and patients with focal lesions of the orbital PFC. In particular, chronic amphetamine abusers showed a pattern of decision making that was especially similar to that seen after orbital PFC damage. Moreover, the possibility that this might be mediated by serotonergic dysregulation within the orbital PFC was highlighted by the additional finding that aspects of the amphetamine abusers' decision-making deficits were modeled by acutely re-duced tryptophan in normal volunteers. In general, the deficits were not associated with increased "impulsivity", but were indicative of difficulties in resolving competing choices.
METHODS
This study was approved by the local research ethics committee, and all subjects gave informed consent.
Amphetamine Users
Eighteen patients were recruited from the Cambridge Drug and Dependency Unit (CDDU) for participation on the basis of the following criteria: using amphetamine as the major drug of abuse for at least 3 years; satisfaction of the DSM-IV criteria for amphetamine dependence; no history of alcohol dependence syndrome; no acute intoxication or physical illness; no history of major psychiatric illness (e.g., affective disorders); ongoing attendance at the CDDU with a co-worker. Duration of abuse ranged from 3 to 29 years (mean ϭ 13.4 Ϯ 1.7). Eight patients were using "street" amphetamines (est. mean dose per day ϭ 1.6 Ϯ 0.4 g) while 10 were receiving regular prescriptions of Dexedrine (mean dose per day ϭ 36.5 Ϯ 9.1 mg). All patients reported at least some use of other substances. In particular, use of cannabis was especially common (16 patients), along with use of opiates (10 patients). Use of MDMA and alcohol was more limited (7 and 5 patients each). Benzodiazepines were not used extensively (2 patients). Finally, 10 patients reported intravenous injection as the preferred method of administration for their amphetamine. Demographic and psychometric information are shown in Table 1 . Particular care was taken to avoid testing any amphetamine abuser whose last intake of amphetamine was within 12 h of the testing session (as indicated by self-report, the individual's behavior, and an assessment by an expert clinician who also checked for the presence of any signs of withdrawal dysphoria).
Opiate Users
Thirteen opiate abusers, also recruited from the CDDU, participated in the study. The criteria for selection were similar to those adopted for the amphetamine abusers: administering opiates, usually heroin, as the major drug of abuse for at least 3 years; no history of alcohol dependence syndrome; no acute intoxication or physical illness; no history of major psychiatric illness (e.g., affective disorders); ongoing attendance at the CDDU with a co-worker. Duration of abuse ranged from 4 to 30 years (mean ϭ 13.9 Ϯ 2.5; see Table 1 ). Only 3 patients were currently using "street" heroin (est. mean dose per day ϭ 0.3 Ϯ 0.1 g), while 10 patients were receiving regular prescriptions of Methadone (mean dose per day ϭ 39.5 Ϯ 9.4 mg). All patients reported at least some use of cannabis. However, abuse of alcohol was quite limited (only 2 patients), as was use of both amphetamine and MDMA (1 patient each). As with the amphetamine abusers, benzodiazepines were not heavily used (3 patients). Finally, 10 patients reported intravenous injection as the preferred method of administration for their opiates. Other demographic and psychometric data are shown in Table 1 . As with the amphetamine abusers, careful assessment makes it unlikely that any of the selected opiate abusers were tested while in a condition of acute intoxication or withdrawal dysphoria.
Frontal Patients
Twenty patients with focal damage to the frontal lobes participated (see Table 1 ). Thirteen of these had undergone surgery for intractable epilepsy or tumor, while 6 had sustained their lesions through stroke. One patient had an unoperated right-side oligodendroglioma. Of the epilepsy patients, there were 3 cases each of leftsided resection and right-sided resection. Of the tumor patients, there were 2 cases of left-sided meningioma removal, 1 case of right-sided astrocytoma removal, 1 case of right-sided haemangioma removal, and 2 cases of meningioma removal affecting the olfactory groove. One of these involved bilateral cortical excision, while the other involved right-sided excision with some cortical damage on the left. Finally, one patient had undergone craniopharyngioma removal through a right-sided fronto-temporal approach. In all cases, cortical loss was confined to the frontal lobes.
For the purposes of the study, the group was divided into two groups of 10 patients. In one group (ORB-PFC patients), cortical damage extended into the orbital sectors of the PFC while, in the other group (DL/M-PFC patients), damage was confined to more dorsolateral or dorsomedial areas. The two groups were reasonably well matched in terms of the mean number of years since lesion (see Table 1 ). Descriptions of the location and extent of individual cortical lesions are set out below. 
ORB-PFC

Control Subjects and Matching Groups
Twenty-six healthy volunteers were recruited to participate as control subjects. This group was selected in order to match closely the drug abuser groups in terms of both age and premorbid verbal IQ as assessed using the National Adult Reading Test (NART; Nelson 1982) . Exclusion criteria included any history of neurological or psychiatric morbidity, head injury, or substance abuse. One-way analyses of variance (ANOVAs) including the amphetamine abusers, opiate abusers, and control subjects showed no significance differences in terms of age ( df ϭ 2, 54; F Ͻ 1) or verbal IQ ( df ϭ 2, 54; F ϭ 1.8). Means duration of abuse was also closely matched between the amphetamine and opiate abusers (13.4 Ϯ 1.7 vs 13.9 Ϯ 2.5 yrs; df ϭ 1, 29; F Ͻ 1). Since both groups of frontal lobe patients tended to be somewhat older than the control subjects, their performance was assessed in two ways. First, one set of analyses compared the ORB-PFC patients, the DL/M-PFC patients and the main group of controls, but included age and verbal IQ as co-variates. Second, sub-groups of control subjects were selected to serve as specific controls for each of the ORB-PFC and DL/M-PFC patient groups separately (see Table 1 ). One-way ANOVAs confirmed that there were no significant differences in terms of age or verbal IQ between either group of frontal lobe patients and their respective control groups ( df ϭ 1, 20; all Fs Ͻ 1). Table 1 also details the mean ages and premorbid verbal IQs of the subject groups who participated in the tryptophan depletion experiment. There was no significant differences in terms of either measure between those subjects who underwent tryptophan depletion and those who did not ( df ϭ 1, 29; both Fs Ͻ 1). Details of the composition of the low-tryptophan drink can be found in Young et al. (1985) . However, plasma tryptophan levels were significantly reduced in the experimental group compared to the placebo group ( df ϭ 1, 29; F ϭ 96.0, p Ͻ .0001 and F ϭ 156.9; p Ͻ .0001, respectively). Thus, levels of plasma total and free tryptophan were 27.6 Ϯ 2.5 g/ml and 1.2 Ϯ 0.07 g/ml in the placebo group but only 2.4 Ϯ 0.4 g/ml and 0.12 Ϯ 0.03 g/ml in the experimental group. Figure 1 shows a typical display from the decision-making task. The subject was told that the computer had hidden, on a random basis, a yellow token inside one of the red or blue boxes arrayed at the top of the screen and that he/she had to decide whether this token was hidden inside a red box or blue box. The subject indicated this decision by touching either the response panel marked "RED" or the response panel marked "BLUE." After making this initial choice, the subject attempted to increase a total points score, shown in green ink toward the left-hand side of the display, by placing a "bet" on this choice being correct. The available bets appeared in a sequence, one after another, centered in the box positioned toward the right-hand side of the display. Each bet was displayed for a period of 5 s before being replaced by its successor, and the subject could select any bet by touching the box in which the sequence appeared. Immediately following such a selection, one of the red or blue boxes opened to reveal the location of the token, accompanied by either a "You win!" message and a short rising musical scale, or a "You lose!" message and a low tone. If the subject chose the correct color, the bet placed was added to the total points score; if the subject chose the wrong color, the bet was subtracted. The subject was instructed to treat the points as being valuable and to accumulate as many as possible during the test. However, no monetary significance was attached to the total points accumulated by the end of the task.
Tryptophan-Depleted Subjects
Decision-Making Task
The subject performed the task in two separate conditions. In one condition (ascending), the first bet offered was small but was replaced by larger and larger bets until the subject made a selection. In another condition (descending), the first bet offered was large but was replaced by smaller and smaller bets. Each bet represented a fixed percentage of the current total points score although this was never made clear to the subject. Five bets were offered on each trial so that, in the ascending condition, the order of available bets was as follows: 5%, 25%, 50%, 75%, and 95%. (The bet shown in Figure 1 constitutes a bet of 50% of the current points total.) In the descending condition, this order was reversed. In both conditions, each bet was presented with a short tone whose pitch corresponded to the size of bet: higher tones accompanied larger bets and lower tones accompanied small bets. If the subject failed to select a bet by the end of a sequence, the last bet was chosen automatically.
Both the ascending and descending conditions consisted of four sequences of nine displays. At the start of each sequence, the subject was given 100 points and asked to increase this total by as much as possible. If a subject's score fell to just one point the current sequence ended and the next began. The order of presentation of the two conditions was counterbalanced across all subject groups. The same set of fixed, pseudo-random sequences were presented to all subject groups.
As discussed at the beginning of this article, three features of this task are important. First, by manipulating the ratio of red and blue boxes from trial to trial, it was possible to examine a subject's decision-making behavior over a variety of differentially weighted contin- Figure 1 . A typical display from the decision-making task. Note that the ratio of red and blue boxes (i.e., the relative probabilities of the two outcomes) changed from trial to trial (see text for details).
gencies. For example, some ratios (e.g., 9 red : 1 blue) presented two contingencies that were quite unequal in terms of the probabilities associated with their respective outcomes. In contrast, other ratios (e.g., 4 red : 6 blue) presented contingencies that were more balanced. Thus, a subject's choice of contingency, speed of choice, and size of bet were expected to differ as a function of the ratio of red/blue boxes. Second, by allowing subjects to determine for themselves how much of their points score they wished to bet after each red/blue decision, we could assess individual willingness to place already-accumulated reinforcement at risk in the hope of acquiring more reward. For example, one might suppose that a ratio of 9 red : 1 blue represented an opportunity to bet more points on a red decision in order to gain more reward, while a ratio of 6 blue : 4 red represented a situation in which more conservative behavior might be appropriate. Finally, offering the bets in both an ascending and a descending order afforded the possibility of isolating merely impulsive behavior from genuine risk seeking (Miller 1992) . If a subject were impulsive in terms of being unable to withhold manual responses to the sequence of bets as they were presented then he/she would have chosen early bets in both the ascending and descending sequences. However, if a subject was actively risk seeking then he/she would have chosen late bets in the ascending condition, but early bets in the descending condition. Thus, a large difference between the mean percentage bet in these two conditions indicated impulsivity; a low difference indicated risk seeking.
The data analyses centered around three main measures:
• Speed of decision making: how long it takes the subject to decide which color of box is hiding the token as measured by the mean deliberation time.
• Quality of decisions: One particularly ineffective tactic in the performance of this task is to bet points continuously on the least likely of the two possible outcomes (i.e., to choose the color with the fewest number of boxes as the one hiding the yellow token). Thus, we measured how much of the time the subject chose the most likely outcome (i.e., the color with the most number of boxes).
• Risk-adjustment: the rate at which a subject increases the percentage of the available points put at risk in response to more favorable ratios of red:blue boxes (e.g., 9 red : 1 blue vs 4 red : 6 blue).
RESULTS
Initially, the principal measures obtained from the decision-making task were subjected to repeated measures ANOVAs with the following between-and within-subject factors: group (amphetamine abusers vs opiate abusers vs control subjects or ORB-PFC patients vs DL/ M-PFC patients vs control subjects); order of condition (ascending/descending vs descending/ascending); condition (ascending vs descending); decision (red vs blue); ratio (6:4 vs 7:3 vs 8:2 vs 9:1). Additional analyses are described in the text. The mean deliberation times (i.e., the speed of decision making) were log 10 transformed in those instances where there was marked heterogeneity of the variance, while the proportions of trials on which subjects chose the most likely outcome (i.e., the quality of decision making) were arcsine-transformed as is appropriate whenever variance is proportional to the mean (Howell 1987 ). However, the data shown in the figures always represent untransformed values. In those instances in which the additional assumption of homogeneity of covariance in repeated-measures ANOVA was violated, as assessed using the Mauchly sphericity test, the degrees of freedom against which the F-term was tested were reduced by the value of the GreenhouseGeisser epsilon (see Howell 1987) .
Speed of Decision Making
Drug Abusers vs Controls. Figure 2a shows the mean deliberation times associated with deciding which color of box is hiding the yellow token, as a function of the ratio of red and blue boxes. In general, mean deliberation times were significantly longer at the less favorable ratios compared to the more favorable ratios, suggesting that the difficulty of the decisions was increased when the display provided only poor information about the rewarded response (df ϭ 3, 153; F ϭ 3.8; p Ͻ .05). Notably, both groups of drug abusers showed large and significant increases in the time needed to make their decisions (df ϭ 2, 51; F ϭ 7.3; p Ͻ .005), so that the mean deliberation times were only 2683 ms for the controls, but 3670 ms for the chronic amphetamine abusers, and 3766 ms for the chronic opiate abusers. In the particular case of the amphetamine abusers, this deficit was especially marked at the less favorable ratios of red and blue boxes in the descending condition, reflected in a significant three-way interaction between group, condition, and ratio (df ϭ 6, 153; F ϭ 4.0; p Ͻ .005). Finally, all subjects took more time to make their decisions on the first occasion that they completed the task compared to the second (i.e., in the ascending condition for subjects whose order of conditions was ascending/descending, and in the descending condition for those subjects whose order was descending/ascending), yielding a significant two-way interaction between order and condition (df ϭ 1, 51; F ϭ 30.1; p Ͻ .0001). However, the three-way interaction between these two factors and that of group was not significant (df ϭ 2, 51; F Ͻ 1), indicating that the deficits in deliberation time shown by the drug abuser groups were not simply as-sociated with conditions in which the task was novel or unpracticed.
Frontal Patients vs Controls. Analysis of the performance of the two groups of frontal lobe patients and the controls revealed that both age and verbal IQ were significant covariates of subjects' deliberation times (regression: df ϭ 2, 38; F ϭ 4.7; p Ͻ .05; age: t ϭ 2.2; p Ͻ .05; NART: t ϭ Ϫ2.8; p Ͻ .01). However, after the contributions of these factors to the overall variance were removed, it was the ORB-PFC patients, and not the DL/ M-PFC patients, who showed similar increases in deliberation times to those shown by the drug abuser groups (df ϭ 2, 38; F ϭ 6.9; p Ͻ .005). Thus, the mean time needed to decide the color of box hiding the yellow token was only 2755 ms for the DL/M-PFC patients but 4215 ms for the ORB-PFC patients. Although deliberation times in general were significantly increased at the less favorable ratios of red and blue boxes (df ϭ 3, 120; F ϭ 3.9; p Ͻ .05), there was no consistent evidence that this trend was especially pronounced in the case of the ORB-PFC patients compared to the DL/M-PFC patients and control subjects (df ϭ 6, 120; F Ͻ 1.5). Finally, separate comparisons between the ORB-PFC, the DL/M-PFC patients, and their respective sub-groups of matched controls confirmed the significant increase in deliberation times shown by the former but not the latter subject group (see Table 2 ).
Low Tryptophan vs Placebo. There was no significant difference in the overall deliberation times for the low-tryptophan group compared to the placebo group (2865 vs 2605 ms; df ϭ 1, 27; F Ͻ 1). However, the performance of the low-tryptophan group was characterized by marked variability on this measure, with some subjects showing large increases in the time needed to Figure 2c shows, the low-tryptophan group tended to take longer to make their decisions than the placebo group at the more favorable ratio of red and blue boxes, reflected in a near-significant twoway interaction between group and ratio (df ϭ 3, 81; F ϭ 2.3; p ϭ .09). In summary, both the amphetamine and opiate abusers, and the ORB-PFC patients, showed large and significant increases in the deliberation times associated with deciding which color of box was hiding the yellow token. The low tryptophan subjects showed a trend toward similar increases in deliberation times. By contrast, the deliberation times of the DL/M-PFC patients were not significantly changed.
Quality of Decision Making
Drug Abusers vs Controls. Figure 3a shows the percentage of trials on which subjects chose the most likely of the two possible outcomes (i.e., the color with the most number of boxes), as a function of the ratio of red and blue boxes. Averaging over group, the percentage of choices of the most likely outcome increased significantly at the more favorable compared to the less favorable ratios (6:4, 82%; 7:3, 92%; 8:2, 95%; and 9:1, 94%; df ϭ 2, 153; F ϭ 18.1; p Ͻ .0001). However, the amphetamine abusers also showed a consistent tendency to make such optimal choices less often than either the control subjects or the opiate abusers (85% vs 95% and 92%; df ϭ 2, 51; F ϭ 3.4; p Ͻ .05). Moreover, this tendency was quite independent of the relative probabilities of the two outcomes so that the two-way interaction between group and ratio was not significant (df ϭ 4, 153; F Ͻ 1; see Figure 3a ). In contrast, while the opiate abusers also chose the most likely outcome slightly less often than the controls, this small effect was due to the behavior of one subject who was not representative of the group as a whole.
Finally, all subjects chose the most likely outcome less often on the first occasion that they completed the task compared to the second (df ϭ 1, 51; F ϭ 11.2; p Ͻ .005). However, this effect was amplified for the amphetamine abusers (80% vs 91%) compared to the controls (94% vs 96%) and opiate abusers (91% vs 93%), indicating that the deficit in the quality of decision making shown by the amphetamine abusers was markedly worse when the task was novel or unpracticed (df ϭ 2, 51; F ϭ 4.6; p Ͻ .05).
Frontal Patients vs Controls.
In the comparisons involving the frontal lobe patients and the controls, only premorbid verbal IQ tended to covary with the extent to which subjects chose the most likely of the two possi- ble outcomes (regression: df ϭ 2, 38; F ϭ 2.5; p ϭ .09; NART: t ϭ 2.0; p ϭ .05; age: t ϭ Ϫ.04). However, Figure  3b shows that while the pattern of choices shown by the DL/M-PFC patients and the controls was extremely similar across the range of ratios of red and blue boxes, the pattern of choices shown by the ORB-PFC patients was also characterized by a significant reduction in the choice of the most likely outcome (97%, 95% vs 85%; df ϭ 2, 38; F ϭ 4.2, p Ͻ .05). Furthermore, this behavior did not appear to be modulated by the quality of information available about which response was likely to be rewarded. Thus, the two way interaction between group and ratio was not significant (df ϭ 4, 120; F Ͻ 1). However, as with the chronic amphetamine abusers, the ORB-PFC patients did show a significantly greater reduction in the choice of the most likely outcome on the first occasion that they completed the task compared to the second (81% vs 89%) relative to the DL/M patients (97% vs 96%) and the controls (94% vs 96%), suggesting that the ORB-PFC patients showed especially impaired quality of choice when the task was novel and unpracticed (df ϭ 2, 40; F ϭ 5.5, p Ͻ .01).
Finally, additional comparison with the age-and IQmatched controls confirmed the poorer quality of decision making shown by the ORB-PFC patients and not the DL/M-PFC patients, and the greater magnitude of this deficit on the first administration of the task compared to the second (see Table 2 ).
Low Tryptophan vs Placebo. Like the amphetamine abusers and unlike the opiate abusers, normal young, healthy volunteers with acutely reduced tryptophan chose the most likely of two available outcomes significantly less often than the placebo group (89% vs 96%; df ϭ 1, 27; F ϭ 9.7; p Ͻ .005). Moreover, as with the amphetamine abusers, this change in the quality of decision making was not modulated in any way by the changing ratios of colored boxes (see Figure 3c ) so that the two-way interaction between group and ratio was not significant (df ϭ 2, 81; F ϭ 1.1).
To summarize, the amphetamine abusers, the ORB-PFC patients, and the low-tryptophan group chose the more likely outcome significantly less often than their controls. By contrast, the opiate abusers and the DL-PFC patients showed a pattern of choices that was very similar to that of the control subjects.
Risk Adjustment
Drug Abusers vs Controls. Figure 4a shows the percentage of their total points score that subjects were prepared to risk in order to earn more points, as a function of the ratios of red and blue boxes. It is important to note that this analysis is restricted to those trials on which the subjects did in fact choose the most likely outcomes because it is only by comparing performance on such trials that we can assess subjects' sensitivity to the available opportunities to earn reward represented by different ratios.
Irrespective of groups, subjects increased the percentage bet as a function of the ratio of red and blue boxes at a relatively constant rate (6:4, 45%; 7:3, 57%; 8:2, 71%; 9:1, 79%; df ϭ 1, 153; F ϭ 112.7; p Ͻ .0001), with post-hoc tests revealing that all pair-wise differences were significant (Newman-Keuls, p Ͻ .01). Moreover, all subjects placed larger bets in the descending compared with the ascending condition (72% vs 54%; df ϭ 1, 51; F ϭ 57.5; p Ͻ .0001), but slightly smaller bets on the first compared with the second occasion that they completed the task (60% vs 65%; df ϭ 1, 51; F ϭ 4.5; p Ͻ .05).
Despite the deficits shown by the amphetamine and opiate abusers in terms of the deliberation times and quality of decision making, there were no significant differences in their overall size of bet compared to the controls (amphetamine abusers, 58%; opiate abusers, 67%; controls, 63%; df ϭ 2, 51; F Ͻ 2.5). Nor was there any suggestion of either reduced or increased bets at any particular ratio of red and blue boxes so that the two-way interaction between group and ratio was also not significant (df ϭ 3, 153; F Ͻ 1). Moreover, there was no indication of impulsivity in the selection of bets since neither group of drug abusers chose consistently earlier bets in the ascending condition and in the descending condition. Thus the two-way interaction between group and condition was not significant (amphetamine abusers/ascending, 50%; amphetamine abusers/ descending, 66%; opiate abusers/ascending, 55%; opiate abusers/descending, 80%; controls/ascending, 56%; controls/descending, 70%; df ϭ 2, 51; F Ͻ 2).
Frontal Patients vs Controls. Overall, the ORB-PFC patients placed significantly smaller bets compared to the DL/M-PFC patients and controls (48% vs 58% and 63%; df ϭ 2, 38; F ϭ 6.8; p Ͻ .005), while both groups of frontal lobe patients showed smaller increases in their size of their bets in response to more favorable ratios of red and blue boxes (see Figure 4b ; df ϭ 3, 120; F ϭ 2.9; p Ͻ .05). Given this conservative pattern of behavior, it is unsurprising that there was no evidence of impulsive responding, in that neither group of frontal lobe patients consistently chose earlier bets in both the ascending and descending conditions. Consequently, the two-way interaction between group and condition was not significant (ORB-PFC patients/ascending, 43%; ORB-PFC patients/descending, 52%; DL/M-PFC patients/ascending, 48%; DL/ M-PFC patients/descending, 67%; controls/ascending, 56%; controls/descending, 70%; df ϭ 2, 40; F Ͻ 1). Further comparisons with their matched sub-groups of controls confirmed that the overall size of bet was significantly reduced in the case of the ORB-PFC patients and that both the ORB-PFC patients and the DL/M-PFC patients showed smaller increases in the size of their bets as a function of the ratio of the red and blue boxes (see Table 2 ).
Low Tryptophan vs Placebo. There were no significant differences between the low-tryptophan and placebo subjects in terms of the overall percentage of points put at risk (62% vs 66%; df ϭ 1, 27; F Ͻ 1.0). Nor was there any indication that the low-tryptophan subjects risked more or less of their points at the more favorable ratios of red and blue boxes (see Figure 4c ; df ϭ 2, 81; F Ͻ 1.5). Finally, the low-tryptophan subjects did not exhibit impulsivity in the selection of bets in either the ascending condition or the descending conditions, respectively (df ϭ 1, 27; F Ͻ 1).
In summary, the amphetamine abusers, the opiate abusers, and the low-tryptophan subjects all increased the size of their bets in response to more favorable ratios of red and blue boxes at the same rate as controls. By contrast, all frontal lobe patients bet less at the more favorable ratios.
Correlational Analyses
To assess whether there was any statistical association between the performance measures of the decisionmaking task and demographic or clinical variables of the drug abuser groups, bivariate correlational analyses were performed with the following variables: age; verbal IQ; years of abuse; deliberation times; percentage choice of the most likely outcome; and percentage points risked on each decision. In both the amphetamine and opiate abusers, age was correlated positively with years of abuse (r ϭ 0.62; p ϭ .006 and r ϭ 0.97; p Ͻ .001, respectively). However, in addition, percentage choice of the most likely outcome was negatively correlated with years of abuse in the amphetamine abusers (r ϭ Ϫ0.57; p ϭ 0.01; see Figure 5a ) but not in opiate abusers (r ϭ 0.17; p Ͼ .50; Figure 5b ), suggesting that poorer quality of decision making is associated with prolonged abuse of amphetamines but not opiates. Finally, there were no significant correlations involving the increased deliberation times shown by the drug abuser groups. In the case of the tryptophan-depleted subjects, mean deliberation times were negatively correlated with percentage choice of the most likely outcome (r ϭ Ϫ0.62; p ϭ .01), indicating that those subjects who took the longest to make their decisions tended to be the same subjects who showed the greatest tendency to choose the least likely of the two outcomes. (The placebo group showed only a trend toward a similar association, r ϭ 0.46; p ϭ .07.) Finally, there were no significant correlations involving plasma levels of free or total tryptophan and any behavioral measure within the low-tryptophan group.
Summary
To summarize, the principal results are as follows:
• Both chronic amphetamine and opiate abusers showed increased deliberation times similar to those shown by the ORB-PFC patients but not the DL/M-PFC patients. • The ORB-PFC patients and the amphetamine abusers showed poorer quality of decision making with a marked tendency to choose the less likely of two possible outcomes (i.e., the least optimal of the available responses). In both cases, the deficit was worse on the first occasion they completed the task compared to the second. The opiate abusers and the DL/M-PFC patients were unimpaired. • In the case of the amphetamine abusers, but not the opiate abusers, the poorer quality of decision making, but not the increase in deliberation times, was correlated negatively with years of abuse.
• Tryptophan depletion in normal, young volunteers, producing reduced levels of central 5-HT, induced the same increased tendency to choose the least probable of outcomes as shown here by the amphetamine abusers and ORB-PFC patients, and a trend toward increased deliberation times.
• The amphetamine and opiate abusers, and low-tryptophan subjects, increased the proportion of their total reward put at risk in response to more favorable ratios of red and blue boxes similarly to controls.
Both the ORB-PFC and the DL/M-PFC patients showed a reduced rate of increase.
DISCUSSION
These data demonstrate significant similarities and differences between the decision-making behavior of chronic drug abusers and patients with focal damage in orbital and superior regions of the PFC. Specifically, both the chronic amphetamine and opiate abusers, and the patients with orbital PFC lesions, took significantly longer than age-and IQ-matched controls to predict which of two mutually exclusive outcomes would occur in a decision-making task. Thus, both drug abuser groups share with orbital PFC patients a specific behavioral change in situations requiring choice between competing courses of action or response. Moreover, the amphetamine, but not opiate, abusers also shared with the orbital PFC patients a significantly increased tendency to choose the less likely outcome, and thereby, attempt to earn reward on the basis of the least favorable of available response options. This behavior was reliably more prevalent in subjects with longer histories of abuse, and could be induced in normal, healthy volunteers by a plasma tryptophan-depleting procedure. Before discussing the theoretical implications of these results for our understanding of the neuroanatomical, neurochemical, and cognitive bases of decisionmaking function, we consider some interpretative issues. The above deficits cannot be attributed to impaired comprehension of the task, or of the meaning of the ratios of red and blue boxes, because the rates at which both groups of drug abusers increased the proportion of their accumulated reward risked, or bet, on more favorable ratios (i.e., their "risk-adjustment" functions) were the same as their controls, indicating that they were equally sensitive to the available opportunities to earn reinforcement. This is particularly significant in the cases of the amphetamine abusers and tryptophan-depleted subjects because it appears that their reduced quality of choice (i.e., their selective tendency to choose the least likely of the two outcomes) represented a course of action that these subjects understood would probably lead to punishment. In this specific sense, these findings may constitute experimental demonstrations of genuine risk-taking behavior.
A second issue concerns the extent to which we can differentially attribute the behavioral changes seen here to the use of amphetamines or opiates in groups of subjects who also reported at least some use of other substances of abuse. In fact, the wider drug-taking profiles of the two drug abuser groups were remarkably similar. Thus, both groups reported quite extensive use of cannabis but more restricted use of alcohol, MDMA, and benzodiazepines, indicating that the principal difference between the two groups was indeed to be found in terms of their major drug of abuse. Moreover, a relatively high proportion of the amphetamine abusers also reported at least some use of opiates as well (16 out of 18 patients), increasing the likelihood that the cognitive impairments shown selectively by these patients was linked to their predominant use of amphetamines; an impression further reinforced by the significant statistical association found between these impairments and years of abuse, the latter clinical variable having been closely matched between the amphetamine and opiate abusers.
Finally, we consider the possibility that the changes seen in our drug abuser groups represent only the acute effects of recent drug intake as opposed to the effects of chronic use. We believe that this is unlikely for three reasons. First, considerable care was taken to test only those subjects who complied with the request to desist from drug-taking behavior within the 12 h prior to the testing session (as indicated by self-report, the patient's behavior, and an assessment by the principal clinician well acquainted with the particular individual). Second, the finding that the quality of the amphetamine abusers' choices showed a significant and negative association with years of abuse suggests that some aspects of their decision making at least were not driven by recent intake so much as by factors relating to the extent of previous use. Third, we have found that administration of the mixed catecholamine indirect agonist methylphenidate (Ritalin) has no significant effects on the decision making of young, healthy, nondrug-abusing volunteers at doses (40 mg) that significantly altered performance on several other cognitive tasks (R. D. Rogers et al. unpublished observations), suggesting that acute increases in central catecholamine activity do not simply mimic the effects of chronic amphetamine abuse.
Decision Making and Chronic Administration of Amphetamine and Opiates
It is widely agreed that both amphetamines and opiates achieve their reinforcing effects by increasing the activity of the mesolimbic DA system (Koob and Bloom 1988; DiChiara and Imperato 1988; Wise and Rompré 1989) , which projects not only to the nucleus accumbens, but to extensive areas of the PFC as well as the amygdala (Thierry et al. 1973) . Thus, the increased deliberation times shown by both the chronic amphetamine and opiate abusers in our decision-making task is consistent with altered neuromodulation of the circuitry incorporating ventral areas of PFC, ventral striatum, and amygdala, associated with the abuse of these substances. Moreover, the absence of any relationship between this particular impairment and years of abuse suggests that this deficit does not necessarily reflect an enduring or cumulative disruption of this circuitry. Additionally, in the case of opiates, it is possible that chronic abuse may directly alter opioid receptor functions in the PFC itself (Mansour et al. 1988) .
In contrast to these changes in the speed of decision making, the second type of impairment-the increased tendency to choose the least likely of the two outcomes, and thereby attempt to earn reward on the basis of the least favorable responses-was confined to the amphetamine abusers and patients with focal lesions of orbital PFC. Thus, amphetamine abuse seems to be associated with additional changes in the quality, as opposed to merely the speed, of decision making that might also be indicative of orbitofrontal cortical dysfunction. The additional finding that this aspect of the chronic amphetamine abusers' deficit was also successfully mimicked by acute reductions in plasma tryptophan in normal, healthy volunteers strengthens the possibility that decision-making cognition is especially sensitive to disrupted functioning of the ascending monoaminergic projection systems, possibly involving changes in the modulation of the PFC and its associated limbic-striatal circuitry. However, further research will need to address the possibility that reduced tryptophan is also able to interfere with decision-making function through altering serotonergic modulation of more posterior cortical sites that mediate as yet unspecified cognitive processes involved in performance of the task.
The significant relationship between the reduced quality of choice shown by the amphetamine abusers and their years of abuse is suggestive of a cumulative process of disrupted neuromodulation associated with prolonged stimulant abuse. Consistent with this possi-bility, experimental evidence does suggest that extended administration of amphetamines can produce enduring changes in monoaminergic function in the striatum and PFC of rats and non-human primates (Seiden et al. 1975; Ricaurte et al. 1980 Ricaurte et al. , 1984 Wagner et al. 1980; Ryan et al. 1990; Gibb et al. 1994; Melega et al. 1996; Woolverton et al. 1989) . Moreover, recent work has now demonstrated reduced post-mortem levels of DA in the striatum and 5-HT in the orbitofrontal cortex of human methamphetamine abusers (Wilson et al. 1996a) . However, considerable care should be taken in attributing such changes to a process of cellular neurotoxicity (i.e., axon or nerve terminal destruction) as opposed to enduring, but ultimately reversible, changes in neuromodulation of the corticostriatal targets of the monoaminergic systems. In general, neurotoxicity tends to be associated with either continuous amphetamine administration (e.g., via osmotic pumps), or very high and repeated dosages, and to show considerable interspecies variability (Robinson and Becker 1986; Seiden and Ricaurte 1987) . In this context, it is interesting to note that while Wilson et al. (1996a) found reduced levels of DA and DA transporter in the striatum of human methamphetamine abusers, levels of other presynaptic markers such as DOPA-decarboxylase, dihydroxyphenylacetic acid, and vesicular monoamine transporter were measured at control levels, suggesting that the functional changes associated with amphetamine abuse in humans may be confined to specific compartments and regulatory mechanisms within DA neurones. On the other hand, Villemagne et al. (1998) have recently reported that repeated administration of amphetamine to baboons, at doses comparable with those used recreationally by humans, led to enduring reductions in DA and a wider range of presynaptic markers including those not affected in Wilson et al.'s sample of human methamphetamine users. In summary, it seems likely that the particular consequences of prolonged amphetamine abuse for presynaptic monoaminergic function is heavily dependent on the precise schedule and dosage regiment (Robinson and Becker 1986; Seiden and Ricaurte 1987) .
Of course, one problem in attempting to link the cognitive deficits described here and underlying changes in neuromodulatory function associated with chronic substance abuse is the difficulty in establishing the direction of any causal relationship. While it is certainly plausible that chronic abuse of amphetamines results in altered monoaminergic modulation of ventral PFC, leading to changes in decision making, it is important to acknowledge that the true causal relationship might be reversed so that altered monoaminergic neuromodulation actually ante-dates, and itself predisposes subjects to, substance abuse. Although the correlation between the deficits of the amphetamine abusers and their years of abuse argues against this latter possibility, we acknowledge that clinical evidence of the kind presented here cannot resolve this issue alone, and needs to be supplemented with prospective studies or animal models of the cognitive sequelae of extended administration of stimulant and opiate drugs. For the moment, we restrict ourselves to demonstrating the association between chronic abuse of amphetamines and opiates, and altered decision-making cognition, in the context of information relating to the known neurochemical consequences of chronic amphetamine administration and the neuroanatomical bases of executive function, including decision-making cognition.
Finally, it is also important to point out the likely coexistence of various personality factors that might contribute both to individual differences on tasks of this kind and vulnerability to substance abuse itself. For example, researchers have linked impulsive personality characteristics, and personality disorder, to a pattern of multi-substance abuse (McCown 1988 (McCown , 1990 Lacey and Evans 1986; Nace et al. 1983 ) while, more recently, it has been suggested that subjects whose personalities tend to "high sensation-seeking" and "low harm-avoidance" may preferentially abuse stimulants as opposed to other classes of drugs (Piazza et al. 1989 (Piazza et al. , 1991 (Piazza et al. , 1993 see Cloninger 1994 for theoretical review). Research is needed to explore these possibilities by incorporating independent measures of the contribution of such personality factors to performance on decision-making tasks (e.g., as they relate to choices of less favorable task contingencies) and their association with abuse of different substances. In short, altered cognition associated with chronic drug abuse is likely to reflect the interaction of a range of influences including genetic factors relating to pre-morbid personality and behavior (Cloninger et al. 1981; Cloninger 1987; Linnoila et al. 1989) as well as transient and enduring changes in neuromodulation.
Decision Making and Orbitofrontal Cortical Lesions
The present results also provide important information about the decision-making deficits associated with focal damage of orbital PFC. Research conducted by Damasio, Bechara, and colleagues, using a card "gambling" task (see beginning of this article), has highlighted a pattern of sub-optimal decision making under conditions in which information about the underlying task contingencies, that might be used to guide the selection of an adaptive response, is not represented explicitly to the subject. By contrast, the task used here was deliberately constructed to provide explicit, and variable, information about the likely identity of the rewarded response, in the form of the different ratios of red and blue boxes. Some ratios (e.g., 9 red : 1 blue) gave a strong indication of the likely reinforced response, while others less so (e.g., 4 red : 6 blue). The results indi-cate that, regardless of the quality of this existing contextual information, the patients with orbital PFC damage took considerably longer to make their decisions, and were more likely to make poor choices compared to age-and IQ-matched controls. By contrast, patients with dorsolateral or dorsomedial lesions were unimpaired.
Of particular interest is the observation that the choice of the most likely outcome by the ORB-PFC patients showed a similar increase from ratios of 6:4 (in which the identity of the rewarded response is relatively uncertain) toward ratios of 9:1 (in which the identity of the rewarded response is much more certain) as that seen in the normal non-brain-damaged controls. Thus, it appears that the probabilities relating candidate responses to likely outcomes affected the pattern of choices shown by the orbitofrontal patients and normal controls in similar ways. Rather, the deficit of the ORB-PFC patients appeared to manifest itself as an apparent failure to choose the most adaptive response on around 10% of the trials that was quite independent of the precise probabilities relating responses to outcomes offered at any one time. Similarly, the increase in deliberation times shown by these patients was not notably decreased relative to controls as a function of the ratio of colored boxes, significant deficits in deliberation time still being apparent at ratios of 9:1. Thus, these data confirm that the impairment in decision making following orbitofrontal lesions reflects a failure to resolve effectively between two competing response options, and suggest that uncertainty about the likely outcomes is not the only factor that modulates the magnitude of this deficit (see Bechara et al. 1996) .
It is also noticeable that both the ORB-PFC and DL/ M-PFC patients risked significantly less of their accumulated reward than controls at the more favorable ratios of red and blue boxes, suggestive of a pattern of conservative behavior that, superficially, seems at odds with evidence indicating that orbital PFC damage is associated with reckless, risk-taking decisions (e.g., Bechara et al. 1994) . Reasons for this unexpected finding remain unclear but we suggest two possibilities. It may be that both groups of PFC patients were simply less sensitive than the controls to the opportunities to earn reward represented by the different ratios of the red and blue boxes and, for this reason, failed to take advantage of the more favorable ratios by increasing the size of their bets. Such a deficit is reminiscent of evidence suggesting that patients with prefrontal damage have difficulties in calibrating appropriate quantitative responses on the basis of visually representable information (cf., "cognitive estimates"; Shallice and Evans 1978) . However, a more likely possibility is that this more conservative behavior reflects a loss of confidence in their decisions secondary to other more fundamental impairments in cognition associated with damage to orbital or superior sectors of PFC. It is also important to note that there is little evidence that the decision-making deficits associated with orbitofrontal damage reflect disruption to a unitary construct such as "impulse-control" or inhibition. Rather the present results dissociate the difficulties with resolving competing choices shown by orbital PFC patients, and other more complex aspects of decision-making function (e.g., risk adjustment) that might be impaired by damage to different PFC sectors. Further research is needed to resolve this issue.
Monoamines, Orbital PFC, and the Cognitive Basis of Decision Making
Recently, it has been proposed that the decision making of normal, healthy individuals involves the interaction of two separate sources of information (Bechara et al. 1997) . One source provides "declarative knowledge" about the properties of the situation at hand while the second provides "dispositional knowledge" about previous emotional states experienced as a consequence of the various candidate responses or actions. This latter (affective) information is used to bias the reasoning processes that culminate in decisions in favor of more advantages or adaptive responses. In fact, it is likely that declarative knowledge about a situation, retrieved from limbic diencephalic structures, is supplemented by more associative knowledge, possibly mediated in part by the neostriatum, relating to the probabilities of relevant outcomes given certain events or actions (e.g., Knowlton et al. 1996) . Nevertheless, affective information relating to visceral, somatic states connected with appetitive and aversive outcomes needs to be brought to bear on the evaluative processes of decision making, and the neural circuitry associated with orbital PFC is well suited for this purpose (Bechara et al. 1996) .
In the context of this "somatic marker hypothesis," it may be significant that the amphetamine abusers and the tryptophan-depleted subjects showed marked impairments in the quality of their decision making. Because it has been suggested that the evoked somatic information associated with candidate response options are mediated in part by activation of the central monoaminergic projections (Damasio 1994; Bechara et al. 1997) , it is possible that the tendency of these subjects to choose the least optimal of response options reflects disrupted activity in the monoaminergic systems. Thus, further research needs to address the possibility that changed activity within the neurochemically differentiated arousal systems of the reticular core modulate the cognitive functions mediated by orbitofrontal PFC and its interconnected limbic structures that collectively support decision-making cognition.
Finally, the finding that acutely reduced tryptophan produced marked impairments in the quality of decision making, as well as a tendency to slowed deliberation times has particular importance in the context of the large body of clinical evidence indicating that aggressive, impulsive, and risk-taking behaviors is associated with reduced 5-HT function (Linnoila et al. 1983; Virkkunen et al. 1994) as well as at least some forms of substance abuse (Fishbein et al. 1988; Linnoila et al. 1989) . Additional experimental evidence has also suggested that efficient 5-HT function is important in social adjustment and the attainment of position (see for review). Because much of the impetus for the recent research on the neurobiological basis of deficits in decision making is their apparent co-occurrence with such failures in social cognition and acquired sociopathy (Damasio 1996) , research on the relationship between this aspect of executive function and 5-HT should be especially fruitful.
